In the current study we use a three-dimensional model with hydrodynamic and spectral wave modules operating in a coupled mode to simulate the response of currents and wind wave fields to winds of 20-25 m/sec offshore of the protective structure of the Saint Petersburg Flood Prevention Facility Complex. The model was calibrated against field data, which allowed us to obtain a tool describing storm situations in the eastern part of the Gulf of Finland with a satisfactory accuracy. The numerical modeling showed that the protective dam did not have a noticeable effect on the levels of storm surge, significant wave height, or current speed in areas seaward of the dam. The increase in erosion processes on the southern shore of the easternmost part of the Gulf of Finland in recent past has most probably been related to other factors. We found that if a west or south-west wind of at least 25 m/s blows over the Baltic Sea for at least 16 hours, the level of storm surges seaward of the dam may reach 3 or more meters. An artificial strengthening of the coastline and the creation of shore protection structures are recommended.
Introduction
The "north capital" of Russia, the City of Saint Petersburg, is known for its floods. The rising sea level, in combination with wind waves and currents, has been a dangerous factor for embankments, buildings, and bridges over the past hundreds of years. Since the foundation of the city in 1703, there have been 3 truly catastrophic flood events: on September 21, 1777 the water level rose by 321 cm; on November 19, 1824 it rose by 421 cm; and on September 23, 1924 it rose by 380 cm (Ryabchuk et al 2011) . The control point C is marked by an arrow. The AB profile will be used for presentation of the main results; the depth profile is presented in panel (d) Considering that tides in the Baltic Sea are only a few centimeters high (Wróblewski 2001) , the above water level rises were indeed extreme. Floods in Saint Petersburg are very irregular. There may be several floods within a year, but several years may also pass without flooding (Ryabchuk et al 2011) .
According to the orientation of the Gulf of Finland, the prevailing winds from west and southwest can move water from almost the entire Baltic Sea into the eastern part of the gulf (see Fig. 1a ). Winds from these directions with speeds higher than 5 m/sec are the most probable (5-8%) in that area (Ryabchuk et al 2011) . To protect the city against floods, the construction of the Saint Petersburg Flood Prevention Facility Complex, 1 connecting the northern and southern shores of the Gulf of Finland via the Kotlin Island (Kronstadt), was initiated in 1979. The dam complex, with a total length of 23.4 km, was finished in 2011. It has 6 gates for water movement and 2 passages for ships, also equipped with automatic gates. Since the dam complex separates the Neva Bay from the Gulf of Finland, the bay can be classified as an artificial estuarine lagoon (Ryabchuk et al 2017) . The water in the Neva Bay is fresh, as the bay receives the runoff of the main river in the Baltic basin, the Neva River. At the time when the complex was planned, it was assumed that the dam would not seriously affect water areas located seaward of the dam. The present situation is compared with historical conditions in (Ryabchuk et al 2012 , 2016 , Kovaleva et al 2014 , Leontjev et al 2015 .
The aim of the present study was to determine whether the influence of the protective dam on hydrodynamic conditions in its vicinity is essential or not. In other words, what would happen under extreme weather conditions in the presence and absence of the dam? How would the maximum surge level change? What would be the significant wave height and the speed of currents during the maximum sea level?
We focused our attention on the nearshore area between the villages of Lebyazhie and B. Izhora, the southern shore of the Gulf of Finland just seaward of the dam (the study area in Fig. 1c ). For the past ten years, this area has been attracting considerable attention because of unpredictable and sometimes ruinous coastal erosion (Ryabchuk et al 2017) .
The study was limited by the use of numerical modeling only to reveal the effect of the dam's presence, with all other factors considered equal.
Method
Numerical modeling was performed using the software package MIKE developed by DHI Software (MIKE 2017a (MIKE , 2017b . A three-dimensional formulation (5 sigma--coordinate layers in depth) was used for simulations. Two modules (hydrodynamic and spectral wave) were used in a coupled model to resolve a system of differential equations.
Basic Equations
The Hydrodynamic Module solves numerically Navier-Stokes equations in a 3-dimensional shallow water approximation (MIKE 2017a); the simulated variables are the surface elevation (η) and current velocity components in the x, y, and z direction (u, v, and w): 
where t is time; x, y, z are the Cartesian coordinates; f is the Coriolis parameter; g is the gravity acceleration; ρ 0 and ρ are a reference value and the deviation of water density, respectively; p a is the atmospheric pressure; v t is the vertical turbulent (or eddy) viscosity; F u and F v are the horizontal stress terms. The Spectral Wave Module gives a time-dependent 2-dimensional plane (x, y) solution for wind wave variables using the wave action density (N) balance equation (MIKE 2017b) :
where θ is the wave direction; ω is the relative (intrinsic) angular frequency; and c x , c y , c ω , and c θ are propagation velocities in x-, y-, ω-, and θ-space, respectively. According to the equation, the total change of action density in the control volume (due to the local rate of change of action density in time, its advection in geographical space, shifting of the relative frequency due to variations in depths and currents, depth-induced and current-induced refractions) is balanced by the energy source term (S), which represents the superposition of source functions:
The following sources are included in the model: S in -the generation of energy by wind, S nl -wave energy transfer caused by non-linear wave-wave interaction, S ds , S bot , S sur f -wave energy dissipation due to whitecapping, bottom friction, and depth-induced breaking, respectively.
Numerical Model Set-up
The computational domain covered almost the entire Baltic Sea area, about 1000 km from west to east and about 1300 km from north to south (Fig. 1) . The depth field was taken from the digital topography of the Baltic Sea (Seifert, Kayser 1995) . The mesh sizes of an irregular grid were about 5-10 km for the open sea, and about 100 m in the vicinity of the area of interest. In total, the model has 5 sigma-coordinate layers in depth. All boundaries of the computational domain were closed, and wind was the only driving force in the model. Low wind conditions are rarely uniform over the entire Baltic Sea. However, as claimed by (Cerkowniak et al 2015) , extreme storm impacts on the Baltic shores are due mostly to waves generated by persistent wind fields, which are approximately homogeneous over the entire basin. Therefore, it was assumed that wind was uniform in speed and direction over the entire simulation area (Soomery 2001). The above model setup showed (Sokolov, Chubarenko 2018) its advantages for coupled hydrodynamic and wind-wave simulations near the shore and was proposed for the first time in (Sokolov, Chubarenko 2012) .
The influence of the Neva River was not taken into account, as we focused on simulating hydrodynamic conditions on the seaward side of the dam under extreme weather conditions, when the gates of the dam complex are closed.
A fully spectral formulation was used for simulations of wind waves. Frequency discretization parameters were chosen in order to cover waves from the shortest wind waves to the swell. The following set of parameters allowed us to resolve waves with periods from 0.8 to 14 seconds with a reasonable accuracy:
• discretization type: logarithmic; • minimum frequency: 0.07 Hz (the longest wave period is about 14 s); • frequency factor: 1.1;
• number of frequencies: 30 (the shortest wave period is about 0.8 s).
Preliminary simulations showed that the main parameter affecting the duration of the CPU workload was the directional discretization. Ultimately, a 24-direction spatial discretization was found optimal, as the use of more directions had almost no effect on the result, but required much more computational time. For a smaller number of directions, the differencies in the wave fields obtained were quite noticeble.
The other main parameters for the spectral wave module were taken as follows:
• a coupled type of air-sea interaction with a background Charnock parameter of 0.01 (Brown and Wolf 2009 ); • nonlinear quadruplet-wave interaction is included; • wave breaking is included with dimensionless parameters α = 1 and γ = 0.8 (Allard et al 2002); • sand grain size of 0.25 mm for the bottom friction model.
Calibration of the Model
The calibration of the hydrodynamic module (Sokolov, Chubarenko 2018) was based on field data collected by the Institute of Hydro-Engineering of the Polish Academy of Sciences (IBW PAN) in the vicinity of the Lubiatowo Field Station (South-Eastern Baltic) between October 1 and November 22, 2006 (Pruszak et al 2008) : the speed of currents at ordinates from 0.4 m to 2.4 m above the bottom were measured by an ADCP located 200 meters from the shoreline at a depth of 4-4.4 m, depending on water level variations; the wind data were provided by an automated meteorological station. The first results of the calibration and verification of the model setup for depth-averaged currents were presented in (Sokolov, Chubarenko 2012) .
The spectral wave module was also calibrated with respect to the IBW PAN field data (Pruszak et al 2008) . These data were recorded by a wave buoy (Directional Waverider) between October 23 and November 18, 2006. The buoy was installed about 2 kilometers from the shore at a depth of 15 m. The main calibration parameter of the model should be the white-capping dissipation coefficient, whose optimal value was found to be C dis = 7. The time of appearance and magnitude of peaks provided by field measurements and model simulations (Fig. 2) are similar. The average difference between significant wave heights does not exceed 0.13 m, and the maximum difference is about 1 m. The average difference between wave peak periods is about 0.2 second, and the maximum difference is about 3 seconds. The satisfactory similarity between the field and model data is illustrated by statistics in Table 1 , following (Roland et al 2009) .
The negative bias indicates that the model underestimates the significant wave height and period, and the relative discrepancy is less than 10%. The root mean square error (RMSE) is higher than the bias. It means that the error of the model solution at any given moment of time is greater than the error averaged over time. The relative error is about 22-27%, as shown by the Scatter Index. Correlation coefficients (the possible maximum is 1) for the wave height and period are rather high, but the model solution for the wave height is better than for the wave period.
The calibration results demonstrate that the model setup takes into account basic factors needed for the calculation of both wave fields and current fields in the nearshore with sufficient accuracy. The model solution for C dis = 7 was found optimal, as it gave the best results for individual values (relative errors for wave height and period were the lowest, in the range of 21-22%), while the relative discrepancy of this Table 1 . Statistical comparison of the field and simulation data for wave heights and peak periods for different values of the white-capping dissipation coefficient (C dis ). The bias (the difference between the mean of simulations and observations) shows how the model solution represents real characteristics on average. The root mean square error (RMSE) means the same and it applies to an individual item in time series of measured and modelled characteristics. The Scatter Index (RMSE normalized by the mean measured value (Statistics 2014)) shows the relative error of the modeling solution with respect to measurements. The correlation coefficient shows the level of synchronicity between variations in measured and modeled characteristics (1) model solution for values averaged over the whole period is not the least possible. The solution for C dis = 5, on average, describes the measured time series better (relative biases are 2.9% and 1.4% for wave height and period, respectively).
Simulation Scenarios
The preliminary simulations showed that the highest sea level and the significant wave height near the study area are observed when the wind blows from west-southwest. Therefore, this direction (247.5 degrees) was selected for further modeling aimed at analyzing extreme hydrodynamic conditions. The forcing scenario of extreme conditions included a step-wise wind action following calm initial conditions. The wind was uniform in speed and direction throughout the computational area, as the size of intensive cyclones is greater than the area of the Baltic Sea (Soomere 2001) . Two wind speeds were considered: 20 or 25 m/sec.
To understand the influence of the dam complex on hydrodynamic parameters, the simulations were performed in the domain with and without the dam. These variations gave a total of 4 simulation scenarios. The hydrodynamic parameters were recorded for the eastern part of the Gulf of Finland, along the AB profile (see Fig. 1c ) and at a control point located about 250 m seaward of the coastline.
Results

Levels of Storm Surges
The numerical solution for the water level after a step-wise wind action demonstrates that the Baltic Sea seeks equilibrium (Fig. 3) . In the example of the control point C (250 m offshore at a depth of 0.6 m, under calm initial conditions, marked by an Fig. 1c ), we can see that time-dependent variations in water level are damped oscillations with an approximate period of 28 hours. It takes about 3 days to reach the steady state solution for wind surge (surface elevation in the model terminology). For winds of 20 and 25 m/s, the wind surge is estimated at 1.1 and 1.85 m, respectively, so the actual depth at the control point becomes 2-3 times greater than the initial one for calm conditions. According to the simulations of scenarios with and without the dam, the wind surge for winds of 20 and 25 m/s is nearly identical, as the maximum differences do not exceed 5 cm. The highest rise in surge level occurs at the first peak, and its value depends on the wind speed, but the period of oscillation does not depend on the wind speed (Table 2) . In both cases, the first peak happened 16.5 hours after wind had started and it was 70-80% higher than the steady state solution. The second peak was 18% higher than the steady state solution. 
Wave Impact
Once the water level variations in time are principally identical in all scenarios, we compare wave parameters at the moment when the wind surge is maximal (the first peak in Fig. 3 ) and, therefore, waves are most developed. The cross-shore profiles (Fig. 4 , along the AB line) of the significant wave height for a wind speed of 25 m/s with and without the dam are almost identical. If the wind speed is 20 m/s, the significant wave height in the presence of the dam is even lower than it is without the dam, and the difference is noticeable (0.2-0.3 m). Fig. 4b clearly illustrates nearshore wave dynamics. We can see zones of wave breaking. For a WSW wind of 20 m/sec, two zones are visible, when the total water depth (depth with a storm surge) is about 7 m and 5 m. For a wind of 25 m/sec, there is a single wide zone from a depth of 5.5 to 7.5 m. by wind fetch and the water depth decreasing toward the Neva Bay (along the Gulf of Finland). For N and NE winds, the wind fetch is much (several times) smaller, but waves develop until their heights are only several percent smaller than those for western winds.
Near-bottom Currents
Typical current fields in the bottom layer with and without the dam are shown in Fig. 7 . The events with the highest water level rise have been chosen. The dam is the non-transparent obstacle in the way of the current passing over the southern shore, and it reflects this current toward the north (Fig. 7a) . It is necessary to emphasize that, in the absence of the dam, the anticyclonic vortex to the south of the Kotlin Island (Fig.  7b) remains, but diminishes in size.
The current speed in the bottom layer at the control point C is 3-5 cm/s less in the presence of the dam. The simulated values are 35-40 cm/s when the wind speed is 20 m/s, and 50-55 cm/s when the wind speed is 25 m/s. 
Discussion
The simulation results suggest that the construction of the dam has affected hydrodynamic conditions in the study area. As a result of the dam, the levels of storm surges have increased by no more than 5 cm. Moreover the influence of the dam appears to be positive for a number of parameters. When the dam was absent, the water level was increased not only by storm surges, but also by waters of the Neva River. In the model setup, the Neva River is absent, which slightly decreases the water level without the dam. With the construction of the dam, the significant wave height remained almost unchanged, or even decreased by 20-30 cm in the depth interval of 5-7 m. The speed of bottom currents also remained almost unchanged or decreased by 3-5 cm/s. In our opinion, such slight changes in hydrodynamic parameters may not absolutely exclude the negative effect of the dam on the southern shore of the easternmost part of the Gulf of Finland, but they cast a doubt on its dominant role in erosion processes.
Factors that can lead to erosion of the coastline may be divided into 4 groups: meteorological, morphological, anthropogenic, and climatic. The main meteorological factors are wind waves, storm surges, and ice cover. The most intensive erosion occurs in fall and winter, when three components coincide: a significant sea level rise, stormy winds from west or south-west, and the absence of ice cover (Ryabchuk et al 2011) . This intensive erosion event is not a periodic one -an extreme storm can destroy the coastline after several "calm" years with a stable coastline.
From the perspective of morphological dynamics, the most important factors are coastline orientation and the properties of the coastal slope. The coastline in the study area is oriented from west to east and is relatively straight. Thus, this area is almost open to wave actions during storms from west and north-west.
With regard to anthropogenic factors, the dam is not the only such factor that can potentially lead to erosion. Another one is the Londonskaya Otmel mine, which is an active underwater sand mine located near the study area. It is also worth mentioning that a number of engineering structures and houses have been built on the shore disregarding the tendencies of evolution of the coastal zone. The main climatic factor that can lead to an increase in erosion is the rise of the sea level. This factor seems to be important in most climate scenarios.
It should be noted that the greatest level of storm surge obtained in the simulations both in the absence and in the presence of the dam is 3.5 m (for a WSW wind of 25 m/s blowing over the whole Baltic Sea for at least 16 hours). It is clearly understandable that under such wind conditions the southern shore will be flooded. Although the water level increase is not likely to reach 3.5 m, since the flood zone would absorb a lot of water, the consequences could be catastrophic.
It can be noticed in the wave-distance and wave-depth profiles (Fig. 5 ) that the height of the waves decreases stepwise as they approach the shore along the AB profile. At the shore of the South-East Baltic (e.g. the northern shore of the Sambia Peninsula) (Sokolov, Chubarenko 2014) , the wave height decrease is rather sharp and clearly visible in the wave breaking zone. In the case of the southern shore of the easternmost part of the Gulf of Finland, there are two not very evident wave breaks and a step-like decrease in wave height in between. This situation can probably be explained by the fact that the underwater slope in the eastern part of the Gulf of Finland is very flat. For example, the slope of the bottom along the AB profile is about 0.002, hence the angle of inclination is slightly greater than 0.1 degree. In contrast, for the northern shore of the Sambia Peninsula, this indicator is 3-4 times greater (slope of the bottom is 0.005-0.008).
Judging from the very small angle of the bottom slope and the fact that the eastern part of the Gulf of Finland is very shallow, even at a large distance from the shore, it seems probable that long waves coming from the Baltic Sea have numerous breaks along with a large wind fetch and become shorter. Consequently, the wave action on the coastline does not appear to be strongly dependent on the size of the area over the Baltic Sea, where the wind speed and direction can be considered uniform.
Comparing the wave fields with and without the dam (Fig. 6) , we cannot see any differences that could lead to catastrophic erosion in the study area. This may be explained by the fact that we used a statistical spectral wave model in the present simulations. Perhaps it would be useful to perform simulations using a model that is more accurate in a restricted area, such as a Boussinesq model.
The modeled speed of near-bottom currents 200 m seaward of the shore was 35-40 cm/s for a wind of 20 m/s and 50-55 cm/s for a wind of 25 m/s. These values do not exceed typical values for nearshore areas, for example, in the South-East Baltic (Babakov 2010) . The structure of currents changed, of course, when the dam had been built, but near the study area these changes seem insignificant (see Fig. 7 ). In our opinion, changes in the structure and parameters of currents caused by the dam cannot lead to the intensive erosion processes observed in that area.
Conclusions
1. The results of numerical modeling showed that the protective dam does not have a significant effect on the levels of storm surge, significant wave height, or current speed in nearshore areas seaward of the dam. The increase in erosion processes on the southern shore of the easternmost part of the Gulf of Finland over the past years has most probably been related to other factors. 2. It was found that if a west or south-west wind of at least 25 m/s blows over the Baltic Sea for at least 16 hours, the level of storm surges seaward of the dam may reach 3 m or more. This can be catastrophic for the surrounding area. 3. An artificial strengthening of the coastline (preferably by artificial beaches) and the creation of wave protection structures are recommended.
